The toadflax stem mining weevil, Mecinus janthinus Germar, was first released in the United States in Montana, in 1996. This agent has now become established to varying degrees after subsequent releases made at sites throughout the state. Multiple releases of M. janthinus have presented researchers with a unique opportunity to evaluate the efficacy of this agent in diverse habitats and under a variety of environmental conditions. The results presented in this paper summarize findings from long-term field data, illustrating not only the impact of M. janthinus on the target weed, Dalmatian toadflax, Linaria dalmatica (L.) P. Mill., but also on correlated plant community dynamics. These results additionally provide a valuable means to compare and contrast the biotic response and control efficacy of this agent at both a regional and sub-continental scale.
Long-term field evaluation of Mecinus janthinus releases against Dalmatian toadflax in Montana (USA) Introduction
Dalmatian toadflax, Linaria dalmatica (L.) P. Mill. (Scrophulariaceae) (USDA, NRCS 2007) , is an invasive short-lived perennial forb of Mediterranean origin (Alex, 1962) . Intentionally introduced to North America as an ornamental plant, L. dalmatica is now widespread and has effectively become naturalized through multiple introductions over time (Lajeunesse, 1999) . Aspects of the species' life history and morphology, including a root system characterized by a long, well-developed taproot and extensive lateral roots, dual modes of reproduction through seed and vegetative root buds, coupled with a high rate of seed production and long term seed viability undoubtedly contribute to its dominance in disturbed range and forested lands (Robocker, 1974; Vujnovic and Wein, 1997 necessitates precise timing of herbicide application when root carbohydrate reserves are low and the plant is therefore more susceptible to chemical translocation and impact (Robocker et al., 1972) and (2) the protective waxy leaf coating resists herbicide penetration (De Clerck-Floate and Miller, 2001) . Chemical control of Dalmatian toadflax is expensive due to the typically large acreages affected. Additionally, repeated herbicide applications are frequently necessary in western US water-limited habitats because each precipitation event has the potential to stimulate Dalmatian toadflax regeneration from fire-resistant rootstocks and characteristically large seedbanks (Zouhar, 2003) .
Classical biological control of Dalmatian toadflax in North America was initiated in the late 1960s. To date, eight exotic agent species targeting the flowers, stems, foliage or roots of Dalmatian toadflax have been released or, in the case of adventitiously introduced agents, redistributed, and have established to varying degrees in North America (Smith, 1956; Harris and Carder, 1971; Harris, 1984; De Clerck-Floate and Harris, 2002; McClay and De Clerck-Floate, 2002) .
Ten years of research results indicate that biological control of Dalmatian toadflax is feasible, particularly with the stem-boring weevil, Mecinus janthinus Germar, the most recently approved agent for control of Dalmatian toadflax. M. janthinus has established and proliferated on many sites throughout western Canada and the United States and is probably the best agent currently available for managing Dalmatian toadflax (Harris et al., 2000; Nowierski, 2004) , although population growth is impeded by high levels of overwintering mortality (De Clerck-Floate and Miller, 2002) and site-specific climatic factors (McClay and Hughes, 2007) .
Advocates of weed biological control tout this approach for its specificity. Biological control is, in general, a significantly more gradual process than alternative control approaches such as herbicide application. Both of these characteristics facilitate control of the target weed without selectively or intensively influencing immediate changes in the wider vegetation community. Reductions in invasive species such as Dalmatian toadflax should result in the restoration of desirable species, especially those within the target weed's functional group, in the vegetation community. Unfortunately, herbicide treatments frequently result in the desired decrease in Dalmatian toadflax, followed by either an increase in bare ground or replacement with an undesirable species that poses an even greater environmental risk. For instance, cheatgrass (Bromus tectorum L.) and exotic, invasive knapweeds commonly invade areas where Dalmatian toadflax has been treated with herbicide; cheatgrass is known to significantly alter vegetation community dynamics and fire cycles (Whisenant, 1990; Billings, 1994) , while spotted knapweed (Centaurea maculosa Lam.) is regarded as an allelopathic species (Bais et al., 2003) . The purpose of this long-term evaluation was to determine if indicators of improved vegetation community dynamics, specifically increased cover of desirable vegetation, can be correlated with the release of the biocontrol agent M. janthinus.
Methods and materials
Vegetation data were recorded as early as 4 years before the release of M. janthinus (1992) and continued through 2007 at seven release sites located throughout Montana (see Table 1 Data collected from each sample frame included counts of Dalmatian toadflax plants and individual stems; the stems were categorized and counted as mature or immature stems. The criterion used to identify mature stems was obvious evidence of flower buds or actual flowering. Stem counts were taken in addition to plant densities because Dalmatian toadflax is not easily or accurately censused on a per-plant basis without destructive excavation. In addition, percent cover of Dalmatian toadflax only and of all forbs other than Dalmatian toadflax was recorded. The remaining area within the sample quadrat not accounted for by one of the vegetation life forms was categorized as non-vegetation cover and included the total area covered by litter, rock and soil. For each plant parameter or vegetation category, mean values for data collected for the year of permanent transect establishment were compared with those for the most recent year of sampling (2006) . Mean comparisons were made for each site using a Student's t test (Dixon and Massey, 1969) .
As part of a non-destructive indicator sampling strategy, 50 randomly selected dead stems from the previous year were collected at each site near, but external to, the monitoring transects. Collecting 'dead' Dalmatian toadflax stems provides a means for evaluating M. janthinus establishment and overwintering mortality without influencing weed or insect population trajectories within the monitoring transects. Stems were then split with a scalpel to estimate the number of live or emerged adult weevils. Empty M. janthinus chambers are a reliable 1:1 indicator of successful adult M. janthinus emergence (R. DeClerck-Floate, personal communication). Weevil mortality was also included as count data and encompassed non-emerged adults, larvae and pupae. Mean comparisons, with α = 0.05, were made between emerged adults and dead individuals at each site using a Student's t test (Dixon and Massey, 1969) .
Results
Overwintering mortality continues to be a concern for Montana M. janthinus populations. Estimates of dead individuals per stem generally outnumbered those of live adults that successfully emerged (Table 2) . M. janthinus mortality was statistically greater than emergence for at least 1 year of the study at all sites except 'Bison Range' and Hardy Bridge', while mortality was significantly lower than emergence only at 'Bison Range' in 2003. Mortality was as much as fourfold higher than adult emergence at certain sites in some years.
At five of seven study sites, data from both transects showed reductions in toadflax density compared to pre-release levels (Table 1) . No significant change was recorded at the Melstone site, while transect 1 at Canyon Ferry showed a significant increase in toadflax density. Percent cover of Dalmatian toadflax was significantly lower at all sites with the exception of transect 1 at Canyon Ferry. We found that percent cover of forbs other than Dalmatian toadflax increased on 10 of the 14 total transects, and the increase was significant in eight cases. Non-vegetation cover increased significantly on nine transects, remained unchanged on four transects and decreased significantly only on transect 1 at Melstone.
Discussion
The survival of M. janthinus was quite low at these sites over the years studied, and this may have reduced potential population growth. It has been reported that extreme temperatures (De Clerck-Floate and Miller, 2002; McClay and Hughes, 2007) and reduced snow cover (De Clerck-Floate and Miller, 2002) reduce survival and population growth of M. janthinus. Persistent drought conditions in Montana from 1997 through 2004 undoubtedly affected vegetation dynamics on all sites. The increase in unvegetated area would limit snow retention, which could increase overwintering mortality due to lower temperatures. Although exact environmental conditions have not been determined at these study sites, the locations do experience temperature and precipitation patterns similar to those described for Canada (De Clerck-Floate and Miller 2002) , but percent cover of Dalmatian toadflax was lower in Montana, even before biological control was initiated.
However, the general trend towards increased cover of forbs at these sites indicates that climatic conditions alone were not driving the decrease in Dalmatian toadflax density and cover observed at many of our study sites. This may be attributable to biological control altering the overall dynamics of the entire forb community by reducing competition from Dalmatian toadflax. In addition, the increased proportion of forbs that was correlated with an increase in unvegetated area at most sites does suggest that, under comparative environmental extremes, biological control may offer an alternative to protracted non-target impacts from non-selective herbicide. In addition, we also observed that increased grazing pressure on toadflax appeared to be correlated with drought conditions, especially in late summer when the weed was one of few remaining undesiccated species available. Cattle and wildlife grazing at all sites may have significantly impeded population buildup of M. janthinus. Grazing of succulent stems removes developing immature weevils from the population, resulting in a likely reduction in the following season's reproductive population. Weevil populations rebounded when drought conditions eased, and adult weevils became numerous enough to be collected for redistribution on three sites in 2006, suggesting that desiccation before and during winter has also probably been a major impediment to population increase of M. janthinus in Montana.
